Introduction
In comparison with the numerous studies into factors affecting the permeability of tissues to electrolytes, nonelectrolytes, and dyes (4) , studies on changes in permeability to water have been very few in number. Moreover, much of the reported work has been based on measurements of the rates of plasmolysis and deplasmolysis (5, 7, 15) . According to Myers (10) the permeability of plasmolysed cells to water is completely different from that of cells which have not been plasmolysed.
Another important criticism can be leveled at all the former work. Treatment of osmotic water flow according to the principles of irreversible thermodynamics has focused attention on a second parameter which is of equal importance with hydraulic permeability in defining water flux through the membrane (17, 8, 3) . This second parameter is 6, the reflection coefficient. Its derivation and its importance in botanical studies have recently been lucidly explained by Dainty (2) . This coefficient is only equal to 1 where 'Received April 15, 1964. the membrane is ideally semipermeable, or where no interaction occurs between solute and solvent as they pass through the membrane. As will be demonstrated below, effects that have been attributed to changes in permeability to water may have been caused by changes in 6. None of the earlier work on factors affecting permeability has taken this parameter into account.
Following our recent observation (6) that CO2 brought about a rapid change in rate of water movement into and out of plant cells, we wished to determine whether this effect was brought about via a change in 6 or in Lp, the coefficient of hydraulic permeability. The distinction is of considerable qualitative importance; whereas a drop in Lp indicates a decrease in permeability to water, a drop in 6 would imply an increase in permeability to solutes.
To examine this question we have had to abandon the classical equation for water uptake into plant cells based on the concept of Diffusion Pressure Deficit. Apart from its other serious defects [recently criticized by Slatyer and Taylor (16) and Ray (13) ] it is inadequate for dealing with water flow when the membrane is permeable to the solutes as well as to the solvent (2) . We have adopted the equation based on irreversible thermodynamics (8) Jv=Lp (AP-oRTAQC) I where J, = volume flow of water, AP = hydrostatic pressure difference across the membrane, R = gas constant, T = absolute temperature and AC, difference in concentration of solutes across membrane.
We suggest we have found a criterion for distinguishing between effects on L, and on c. We have applied this test to CO. as well as to chloroform and azide, the former known as a narcotic and suspected of influencing permeability; the latter recently implicated (1) as a factor influencing permeability to solutes.
Material and Methods
Most of the data were obtained with sections of the root storage tissue of Daucus carota L. This tissue was considered more suitable than our previous experimental material, segments of sunflower hypocotyl, because the cells were not growing rapidly, and were stable in water for many days, maintaining their full turgor. A few data relating to hypocotyl segments are included. Where the latter were used, the material and methods were as described in our previous paper (6) In the case of efflux experiments the disks were next transferred to 30 ml experimental media. The latter contained osmoticum and substances to be tested, and were all adjusted to the same osmotic value. Efflux was determined by withdrawing tissue samples at varying intervals and measuring their loss in weight. Each sample was then replaced in tap water and reweighecl after equilibrium had been established (90 min).
In the case of influx experiments, the tissue was first equilibrated for 90 minutes in 0.48M mannitol, a concentration chosen because it was the highest which did not impair the capacity of the tissue for subsequent water uptake. During this period each sample lost 72±4 mg water and was still far from incipient plasmolysis (fr wt falls by 15 % at incipient plasmolysis). The tissue was then placed in 30 ml of experimental solution, samples being withdrawn and weighed after various time intervals to determine influx. Each sample was subsequently replaced in tap water as in the efflux experiments and again weighed after 90 minutes.
In the case of the gas treatments, a stream of the appropriate gas was led through the solution before the introduction of the tissue and continued throughout the experiment. Sodium C) The effect on efflux is observedl also when the external osmoticum is so chosen that the tissue is less permeable to it than to most of the internal solute particles. In addition it is advisable to check the following point: D) After measurement of influx or efflux, if the tissue is transferred to water its weight after equilibration shouldl not (liffer from that of the control tissue. Table I gives the effect of a number of substances on water flux. That the mannitol and raffinose solutions used in the effiux experiments were in fact hypotonic was ensuredl by prior cryoscopic determination of the osmotic value of the cell (which was found to be 13.4 atm). The appropriate time intervals for measurement (20 min and 10 min for efflux anui influx respectively) were chosen after examination of the time course for the 2 processes: in each case the interval is slightly more thani the lhalf-time for the process.
Two osmotic controls were provided (treatments 1 and 2, 10 and 11). The osmotic concentration of the first control was equal to the initial osmotic value of the test solutions. The second control allowed for the possibility that the test substances, owing to rapid penetration, did not act as osmotica. Treatment 5 was included as a control for the CO, treatment, since this is the pH of CO2-saturated H.O (6). Treatment 4 acted as a further control for the CO., treatment since the latter implies anaerobic conditions. Table I shows that 0.02 zi CHCI3 andl CO., significantly decreased both influx and efflux, the latter into both mannitol and raffinose solutions (treatments 3 and 7, 12 and 13). The CO., effect could not be attributed either to low pH or to anaerobic conditions (compare with treatments 4 and 5). Neither CO, nor 0.02 M CHCl3 interfered with subsequent equilibration in H9O. (see column D).
A concentration of 0.05 Mt CHCl3 (treatment 6) increased efflux. Moreover, efflux continued after transfer of the tissue to H9O (column D). Influx Sig.diff.tt (P =0.05) 6 9 Sig.diff.tt (P =0.05) Influx was measured over 10 min. Loss in wt during the previous 90 min in 0.48 M mannitol was 72 mg. Difference between final wt after return to tap H20 for 90 min and initial wt. All solutions except for 2 and 11 were equiosmolar as determined cryoscopically.
All treatments were carried out in quadruplicate.
was much reduced, and on transfer to H20 the tissue scarcely gained in weight. These facts point to permanent damage to the selectively permeable membranes.
A concentration of 0.01 M CHC13, N2, and 0.05 M NaN3 had no effect on efflux.
Possible Influence of Osmoticum. Iso-osmotic solutions of mannitol and of raffinose (treatments 1 and 10) caused different rates of efflux. This suggested that the latter was influenced by the rate of diffusion of the osmoticum. The question arose whether the effects of CO2 and of chloroform could conceivably be due to an influence on the rate of diffusion of the osmoticum into the free space of the tissue.
We therefore investigated the effect of CO2 on efflux when the osmoticum was very low in mass.
With NaCl as osmoticum efflux was more rapid. It thus seems likely that the diffusion rate of the osmoticum was in fact a factor determining the rate of water flux. The CO2 effect, however, was of the same order as in our previous experiments.
Strong evidence that the effects are exerted principally on permeability to water rather than on the diffusion of the osmoticum comes from experiments on influx into air-dried tissue, when no osmoticum is present. We earlier showed (6) that the CO2 effect is very marked under these conditions for both sunflower and carrot tissue (see also our present fig 3) .
We have now checked that the effect of CHC13 is also pronounced for both tissues under these conditions. The effect of azide on influx into air-dried hypocotyls may be seen in table III.
Time Course of Permeability Changes. The fact that 0.02 M CHC13 decreased efflux, while 0.05 M CHC13 on the contrary increased it, recalls similar observations by Lepeschkin (9) , concerning the effects of narcotics on permeability to dyes. Lepeschkin held that intermediate concentrations existed which would be without influence. Figure 1 , however, shows that this is not the case for permeability to water. The effect of a given concentration of chloroform on efflux depends on the length of the treatment period. The slope of the curves for 0.02 M and 0.03 M CHC13, for instance, though initially less than that for the control, indicating decreased permeability to water, exceeds that for the control in the later periods.
The extent to which the chloroform treatments (fig 1) affected the capacity of the tissue for subsequent water uptake on transfer to water was also investigated. All treatments were carried out in quadruplicate. and of azide were not additive (compare 2 and 6).
Reversibility of the Effects. Figure 2 shows Thus any factor which depresses a, even though it has no effect on Lp, will depress both influx and efflux under the conditions of the classic permeability investigations based on plasmolysis and deplasmolysis (5, 7, 15 Effects of CHC13 on the permeability of plant tissues to ions have previously been noted by Osterhout (11) and to dyes by Lepeschkin (9) . The present paper is the first report of an effect on permeability to water. While low concentrations applied for relatively short periods decreased permeability, higher concentrations increased water flux. This increased efflux was associated with a lower water content after subsequent equilibration in water, as compared with the control. Since the latter result would be consistent with leakage of solutes from the tissue, it is possible that the increased water efflux into hypotonic solution was, in its early stages, due to a decrease in oi (equation VI), i.e., to an increase in permeability to solutes. In its later stages it is probable that the semipermeability of the membranes was entirely destroyed. Figure 1 shows Lp. Higher concentrations of chloroform brought about an increase in water efflux which was associated with irreversible changes in the membrane. The effect of chloroform was shown to depend not only on concentration but on length of treatment. Ninety minutes' immersion in (listilled water, as compared with a similar period in tap water, brought about an increase in Lp. Treatment with distilled water did not lessen the effects of CO., and of azide. The latter were not additive. The effects of CO2, of azide, and of distilled water were reversible. In the case of CO. reversal was achieved within 2 minutes.
